When grown on ethene Mycobactevium strain E3 produces epoxyalkanes from alkenes in an oxygen-and NADHdependent reaction. The process of co-factor regeneration was studied by analysing the intracellular pools of NADH and storage material during the production of 1,2-epoxypropane from propene. With the depletion of NADH the production of 1,2-epoxypropane stopped. NADH could be regenerated from the oxidation of added cosubstrate or from oxidation of storage material. Cells cultivated in chemostat culture under nitrogen limitation produced more 1,2-epoxypropane compared to cells cultivated under carbon limitation, due to their higher content of storage material. Addition of glucose to cells grown under carbon limitation stimulated the formation of 1,2epoxypropane. The uptake of glucose resulted in the accumulation of storage material, which was utilized after depletion of the glucose. Glycogen and trehalose were the preferred forms of storage material used for co-factor regeneration. From the results it was concluded that formation and utilization of storage material play a crucial role in the process of co-factor regeneration in Mycobacterium strain E3.
Introduction
Mycobacterium strain E3 was isolated on ethene by Habets-Crutzen et al. (1984) . The degradation of ethene is initiated by a mono-oxygenase enzyme (Hartmans et al., 1991; Weber et al., 1992) that oxidizes ethene to 1,2epoxyethane in an NADH-and oxygen-dependent reaction. In contrast to the mono-oxygenase, the epoxyalkane-degrading system present in the organism has a very high substrate specificity and 1,2epoxypropane and higher epoxyalkanes are not degraded. Ethene-grown cells, therefore, accumulate these epoxyalkanes when incubated with the corresponding alkenes (Habets-Crutzen et al., 1984; van Ginkel et al., 1987) . Regeneration of the co-factor NADH can be achieved using whole-cell incubations with in vivo regeneration by the oxidation of intracellular storage materials or by the oxidation of added co-substrate. Production of epoxides using a co-substrate has been optimized for several micro-organisms (Aisaka et al., 1992; Furuhashi & Takagi, 1984; Johnstone et al., 1987; Stirling & Dalton, 1979) , although detailed information concerning the metabolic fate of the added co-substrate and how it exerts its effect on the amount of epoxide produced is not available. Previous studies with immobil-~~ ~~ ~~ * Author for correspondence. Fax + 31 8370 84978. 0001-8523 0 1993 SGM ized cells showed that the amount of epoxyalkane produced by Mycobacterium strain E3 could also be increased by the addition of co-substrates (Habets-Criitzen & de Bont, 1987; Smith et al., 1993) . The role of storage material, however, was not investigated. Mycobacteria are known to accumulate high levels of storage material. In combination with their slow metabolism, these high levels of storage material are assumed to play an important role in the observed high longevity of mycobacteria under starvation conditions (Ratledge, 1982) . Storage materials reported in mycobacteria, functioning as reserve materials, include lipid, glycogen and trehalose (Antoine & Tepper, 1969 a, b ; Elbein & Mitchell, 1973; Winder & Rooney, 1970) . Utilization of the type of storage material, however, was found to be very dependent on the reaction conditions used.
In the present investigation the fate of the added co-substrate and the possible involvement of storage materials in epoxide production was studied in more detail. For this purpose the production of 1,2epoxypropane from propene by Mycobacterium strain E3 was selected.
Methods
Organism and growth. Mycobacterium strain E3 (Habets-Crutzen et al., 1984) was cultivated continuously as described previously (Habets-Criitzen & de Bont, 1987) in 1 litre of mineral medium (Wiegant & de Bont, 1980) in a 2 litre Applikon fermenter at D = 0.02 h-' under carbon limitation (NH4C1, 2.0 g 1-I) or nitrogen limitation (NH4C1, 0 3 g 1-'). The carbon source was supplied mixed in with the air (100 cm3 min-I), which contained 2 O h (v/v) ethene (carbon limitation) or 10 YO (v/v) ethene (nitrogen limitation). Limitations were checked by showing that an increase in concentration of the limiting nutrient resulted in an increase in the biomass concentration. Dissolved oxygen levels were monitored with a Clark-type oxygen electrode and were always above 40 YO air saturation. CO, formation was continuously monitored in the outlet gas using a Beckman infra-red C0,-analyser.
Preparation of washed cell suspensions. After reaching a constant biomass concentration and CO, formation rate the fermenter was run for at least six volume changes. Based on the constant CO, concentration in the outlet gas the culture was considered to be in a steady state. The cells from the chemostat were harvested at 16000 g at 4 "C, washed with 50 mM-HEPES/NaOH buffer pH 7.0 (buffer A) and then resuspended in buffer A. In all experiments freshly harvested cells were used.
Experimental procedures. Reactions were carried out with washed cell suspensions in sealed serum bottles (35 ml) containing 3 ml of buffer A. The bottles always contained 0.7 mg cellular protein.
Substrate (200 pmol) was added by replacing 5 ml of the gas phase with 5 ml of propene. When required 5 mM-glucose was added as a cosubstrate. For the determination of storage material a larger scale was necessary to obtain enough biomass for an accurate analysis. For this purpose 1 litre serum bottles were used with a final volume of 130 ml of buffer A, 30 mg cellular protein and 200 ml propene. In addition 150 ml of air was replaced by pure oxygen to prevent oxygen limitation. The bottles were incubated in a shaking water-bath at 30 "C. Samples were prepared by rapidly cooling the bottles on ice followed by harvesting and washing with demineralized water as described above. The resulting cell suspension was freeze-dried overnight for further analysis. All experiments were repeated at least three times. Unless stated otherwise, representative results are shown.
Analytical procedures 1,2-epoxypropane. The concentration of 1,2-epoxypropane was determined by analysing head-space samples on a Packard 430 gas chromatograph with a Porapak R column (Hartmans et al., 1991) . CU,. The evolution of CO, was measured using a Packard 427 gas chromatograph fitted with a TCD (140 "C). The column (Hayesep Q) was maintained at 110 "C and helium used as the carrier gas (30 ml min-I). The injector port was held at 100 "C.
Glucose determination. Glucose was determined using either the Peridochrom glucose kit or the glucose/fructose kit (both from Boehringer Mannheim).
Protein determination. Protein content of cell-free extracts was determined according to the method of Bradford (1976) with bovine serum albumin as a standard. For whole cells the protein was first extracted by the method of Habets-Crutzen et al. (1984) . To express levels of storage material in terms of mg (mg protein)-', the value for protein obtained from cell-free extracts was used.
Total lipid content. Lipids were extracted from freeze-dried cells by the method of Burdon (1986) . The extract was transferred into a preweighed vial and dried in a vacuum desiccator to constant weight.
Carbohydrate analysis. Total carbohydrates, glycogen and trehalose were determined in cell-free extracts. Extracts were prepared by sonifying freeze-dried cells (10 min, 0 "C). These extracts contain all the free carbohydrates. Prior to analysis the extracts were heat-treated (10 min, 100 "C) to stop any enzymic activity interfering with the assays.
Total carbohydrates. The anthrone method described by Seifter et al. (1950) was used with glucose as a standard.
Glycogen. The glycogen content was determined enzymically by the method of Passonneau et al. (1967) with the inclusion of the debranching enzyme isoamylase (0.6 U ml-I) from Pseudomonas amyloderamosa (Yokobayashi, 1970) . Glycogen from yeast was used as a standard.
Trehalose. The trehalose content was determined enzymically as described by van Urk et al. (1989) . The amount of glucose present after and before the addition of trehalase was determined enzymically with the glucose/fructose kit (Boehringer Mannheim). The Peridochrom kit could not be used in this case because of interference by trehalose. The trehalose content was calculated using as a standard trehalose from yeast (Sigma).
NADH. Samples (2ml) were taken from the incubations, very rapidly cooled to 0 "C and 1 ml of ice-cold 3 M-KOH was added very slowly. The suspension was incubated at 50 "C for 10 mins and then cooled again on ice. The extract was neutralized by slowly adding icecold 3 M-HCl. After spinning down the cell debris the extract was immediately analysed. NADH was analysed using a Separations HPLC system (Ambacht, NL). Two Chromsep Chromspher C,, columns (2 x 10 cm) were isocratically eluted using a mobile phase consisting of 0.08 M-KH,PO,/KOH, pH 7.0, containing 5 O h (v/v) CH,CN at a flow rate of 0.5 ml min-'. Reduced nicotinamide levels were determined using a UV detector at 254nm and quantified using an external standard. The retention time of NADH was 4.1 min.
Chemicals. Ethene and propene were of commercial purity and obtained from Hoekloos (Schiedam, NL). All other chemicals used were of analytical grade.
Results

Production of I,2-epoxypropane and CO, in the absence of co-substrate
Mycobacterium strain E3 was grown in chemostat culture with ethene as carbon and energy source, under both carbon and nitrogen limitation. Cells were harvested from the chemostat, washed in HEPES buffer and incubated with propene. The formation of both 1,2epoxypropane and CO, was monitored for 2 d. Cells grown under nitrogen limitation produced approximately three times as much 1,2-epoxypropane as cells grown under carbon limitation (Fig. 1) . These nitrogenlimited (growing) cells also produced more CO, than the ethene-limited cells ( Fig. 1) Utilization of storage materials in the absence of co-subs t ra t e Cells were analysed for storage materials to investigate if the increased production of 1,2-epoxypropane and CO, by cells cultivated under nitrogen limitation could be ascribed to the utilization of intracellular reserve materials (Fig. 2) . Cells cultivated under nitrogen limitation contained a 1 O-fold higher concentration of intracellular glycogen than cells grown under carbon limitation, whilst the trehalose concentration was the same. The lipid content of the cells was slightly increased under nitrogen limitation. Subsequently, changes in the levels of storage materials that took place during incubation of the washed cells in the presence of propene were monitored (Fig. 2) . In cells grown under carbon limitation trehalose was rapidly used but glycogen was not used at all (Fig. 2 a) . The changes in the content of total carbohydrates confirmed that trehalose was the only carbohydrate used during the incubations. The lipid content of the cells was constant. Trehalose was also rapidly metabolized in cells grown under nitrogen limitation, but in this case glycogen was used as well ( Fig.  2 b) . Glycogen and trehalose were the only carbohydrates used, as confirmed by the changes in the content of total carbohydrates. Despite the relatively high lipid content of the cells grown under nitrogen limitation, no utilization of lipids could be detected during the reaction.
Production of 1,2-epoxypropane in the presence of co-substrate
The 1,2-epoxypropane produced by cells grown under nitrogen limitation was only slightly affected by the addition of external energy sources. However, glucose and other energy sources (e.g. glycerol, acetate and ethanol) strongly enhanced 1,2-epoxypropane production in cells grown under carbon limitation. Consequently, the effect of a co-substrate was studied in more detail using cells grown under carbon limitation. Addition of glucose ( 5 mM) resulted in a 5-fold increase in the amount of 1,2-epoxypropane produced (Fig. 3) , as compared to incubation without a co-substrate ( Fig. 1) . Monitoring the uptake of glucose (Fig. 3 a) revealed that the stimulation of 1,2-epoxypropane formation continued after exhaustion of the glucose from the medium. Analysis of the levels of storage material during the incubation showed that storage material was initially formed and subsequently utilized (Fig. 3 b) . In particular, glycogen showed a large initial increase in concentration, but it was utilized again after exhaustion of the glucose. Trehalose levels were also initially enhanced but only to a minor extent, and went down to almost zero after exhaustion of the glucose. No significant changes could be observed in the lipid content of the cells during the incubation time.
Eflect of the level of NADH on the.formation of 1,2epoxypropane
The central question was if the depletion of storage materials with time would also affect the intracellular level of NADH, which is required for 1,2-epoxypropane production. Therefore, the changes in the level of NADH in cells grown under carbon limitation were measured during the incubations with propene. The level of NADH dropped to almost zero within 12 h, coinciding with the disappearance of trehalose from the cells (Fig. 2 a) and cessation of the production of 1,2-epoxypropane ( Fig. 1) . If glucose was added to the cells, the level of NADH initially increased rapidly. This level eventually dropped, but NADH remained at an elevated level even after glucose was fully consumed. Fig. 5 . Effect of the removal of previously produced 1 ,2-epoxypropane on the production of additional 1,2-epoxypropane by Mycobacterium strain E3. Cells were pre-incubated with propene in the presence and absence of 5 mwglucose and, after washing with HEPES buffer, subsequently incubated with propene in the presence or absence of pre-incubated without glucose, prolonged without glucose; A, preincubated without glucose, prolonged with glucose.
Limiting factors in the production of I ,2-epoxypropane
The analysis of the levels of storage materials present showed that cells incubated in the presence of glucose still contained an increased level of storage material and an increased level of NADH at the end of a 50 h incubation in the presence of propene (Figs 3 and 4) .
However, formation of 1,2-epoxypropane had already stopped. Supplying additional glucose to such cells did not result in the formation of additional 1,2epoxypropane. Therefore, the possible inhibitory effect of the 1,2-epoxypropane accumulated after 50 h incubation was tested by removing the 1,2-epoxypropane by washing the cells with HEPES buffer. These washed cells were incubated again with propene in the presence and absence of glucose. A significant amount of new 1,2epoxypropane was formed, even without the addition of glucose (Fig. 5) . In contrast to this, cells that had been incubated for 50 h without a co-substrate ( Fig. 1) produced almost no additional 1,2-epoxypropane after removal of the accumulated 1,2-epoxypropane unless glucose was added (Fig. 5 ).
Discussion
Formation of I ,2-epoxypropane in the absence of a co-substrate
In the absence of a co-substrate the amount of 1,2epoxypropane produced was clearly dependent on the cultivation conditions used. Analysis of the levels of storage materials showed that the increased production of 1,2-epoxypropane by cells grown under nitrogen limitation could be explained by the higher levels of storage materials present in these cells. Although the role of trehalose as a storage material is under much debate (van Laere, 1989) , both glycogen and trehalose appeared to be readily mobilizable forms of storage material in Co-factor regeneration in Mycobacteriurn strain E3 302 1
Mycobacterium strain E3. Under carbon limitation the levels of trehalose and glycogen in Mycobacterium strain E3 were similar, with only the glycogen level increasing when changing to nitrogen limitation. Similar observations were made by Elbein & Mitchell (1973) for Mycobacterium smegmatis. Their experiments indicated that although the level of trehalose did not change, it was constantly used and synthesized whereas glycogen was turned over at a much lower rate. Elbein & Mitchell (1973) suggested that in growing cells trehalose only had a structural role and glycogen served as a storage material. In contrast, the trehalose present in MJXObacterium strain E3 clearly functioned as a storage material, as it was utilized to regenerate the NADH needed for the production of 1,2-epoxypropane. The low level of glycogen present in cells grown under carbon limitation apparently only played a structural role, as it was not utilized. The lipid and glycogen content of Mycobacterium phlei and Mycobacterium tuberculosis was reported to increase to values over 20% (w/w, cell dry wt) during post-exponential growth in nitrogenlimited medium (Antoine & Tepper, 1969 a, b) . Mycobacterium strain E3 also accumulated glycogen and lipid under nitrogen limitation but to a minor extent. Growing cells apparently accumulate less storage material than non-growing cells. The stored glycogen and trehalose were utilized resulting in increased production of 1,2epoxypropane. Surprisingly, lipids accumulated in cells grown under nitrogen limitation were not used during the incubations (Fig. 2 b) . Antoine & Tepper (1969 a ) reported that lipids could be used as an endogenous reserve material by Mycobacterium phlei to produce new cell material. Lipid, however, was only utilized after depletion of glycogen. At the end of our incubations the glycogen was not depleted and this could be the reason that the lipid was not used.
Formation of 1,2-epoxypropane in the presence of a co-substrate
Many groups (Furuhashi, 1986; Johnstone et al., 1987) have reported on the addition of glucose as a cosubstrate for the regeneration of NADH to produce more epoxide. Our results show that for Mycobacterium strain E3 the glucose is not just simply oxidized to C02, but is partly converted into storage material which can be used after depletion of the glucose. Glycogen appeared to be the preferred form of storage material. As observed in chemostat culture the level of trehalose is apparently under more strict metabolic control, whereas additional lipid was not formed. From Fig. 3 it is clear that the cells at the end of these incubations still contained an excess of storage materials and that the formation of 1,2epoxypropane was not limited by the depletion of storage material. The high concentration of 172-epoxypropane present inhibited the mono-oxygenase reaction (Habets-Crutzen & de Bont, 1985) . This could be clearly demonstrated by showing that after removal of the 1,2epoxypropane the cells started producing 1,2epoxypropane again (Fig. 5) .
Efect of the level of NADH on the-formation of I ,2-epoxypropane
The pool of NADH in cells is too small to account for any significant production of 1,2-epoxypropane. The amount of 1,2-epoxypropane that can be produced is, therefore, dependent on regeneration of this co-factor.
Measuring absolute values of metabolites like NADH in mycobacteria is very difficult (Ratledge, 1982) . The measured values, therefore, are difficult to interpret in terms of effect on reaction rates. The changes in these levels, however, indicated that NADH can indeed be the limiting step in the production of 1,2-epoxypropane. In the absence of a co-substrate the pool of NADH has to be regenerated from the oxidation of storage material.
Comparison of the plots of storage material, NADH and 1,2-epoxypropane (Figs 1, 2a and 4 ) clearly shows that with the depletion of trehalose the concentration of NADH drops to almost zero and as a consequence the production of 172-epoxypropane stops. The co-factor NADH could also be regenerated from the oxidation of a co-substrate. Again, however, storage material played a key role in this process. Due to the utilization of accumulated storage material the level of NADH was maintained at an increased level. This level may be held responsible for the continued production of 1,2epoxypropane after the exhaustion of the co-substrate. It is also clear that the amount of 1,2-epoxypropane produced in this case was not limited by the depletion of the co-factor NADH.
Our results have shown that co-factor regeneration in Mycobacterium strain E3 is a complex process. Formation and utilization of storage materials are key events in this process. As a consequence, the amount of epoxyalkane produced will strongly depend on the physiological status of the cells. A careful evaluation of the epoxide-producing potential of different strains can, therefore, be made only if this is taken into account.
